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• Numerical simulation of the airborne
transmission of SARS-CoV-2 virus

• Estimate of the SARS-CoV-2 risk of in-
fection due to the close proximity

• Infection risk in close-contact is domi-
nated by airborne droplets.

• Large droplet contribution to infection
risk barely noticeable only for distances
well below 0.6 m
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guarantee an acceptable risk (<0.1%).
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Although the interpersonal distance represents an important parameter affecting the risk of infection due to re-
spiratory viruses, the mechanism of exposure to exhaled droplets remains insufficiently characterized. In this
study, an integrated risk assessment is presented for SARS-CoV-2 close proximity exposure between a speaking
infectious subject and a susceptible subject. It is based on a three-dimensional transient numerical model for the
description of exhaled droplet spread once emitted by a speaking person, coupled with a recently proposed
SARS-CoV-2 emission approach. Particle image velocimetry measurements were conducted to validate the nu-
merical model.
The contribution of the large droplets to the risk is barely noticeable only for distanceswell below 0.6m,whereas
it drops to zero for greater distanceswhere it depends only on airborne droplets. In particular, for short exposures
(10 s) aminimum safety distance of 0.75m should bemaintained to lower the risk below 0.1%; for exposures of 1
and 15 min this distance increases to about 1.1 and 1.5 m, respectively. Based on the interpersonal distances
across countries reported as a function of interacting individuals, cultural differences, and environmental and so-
ciopsychological factors, the approach presented here revealed that, in addition to intimate and personal dis-
tances, particular attention must be paid to exposures longer than 1 min within social distances (of about 1 m).

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The COVID-19 pandemic has highlighted the key role of droplets ex-
haled during respiratory activities (such as oral breathing, speaking,
hanical Engineering, University
sneezing, coughing) as potential virus carriers leading to risk of infec-
tions and/or diseases (Morawska and Cao, 2020). Three possible routes
of transmission are generally considered: the fomite, and large droplet
and airborne droplet routes (Li, 2021a).

The large droplet route has been incorrectly considered to be the
primary route for most respiratory infections since the beginning of
the last century (Chapin, 1912; Flügge, 1897), and the associated
protective measure of social distancing of 1–2 m (varying in each
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country as a function of activities) is known and imposed worldwide.
The large droplet route is commonly identified with close proximity
during which an infectious bacterium or virus can be transmitted effec-
tively via specific routes, as discussed below. Despite the importance, a
recent search of the literature revealed that the characterization of ex-
posure to droplets exhaled at different interpersonal distances remains
surprisingly unexplored.We point out that the term of “droplets” in this
paper refers to all sizes, from the smallest droplets of sub-micron size to
the largest oneswith dimensions of hundreds ofmicrons;moreover, we
adopted the term “close proximity” instead of “close contact” (also used
in the scientific literature) in order to avoid misinterpretation implying
transmission by some sort of contact. Recent studies have identified two
major routes for close proximity transmission (Chen et al., 2020): the
large droplet route and the airborne droplet route. The large droplet
route concerns the deposition of large droplets from the infected subject
on the mucous membranes (lips, eyes, nostrils) of the susceptible sub-
ject (Gallo et al., 2021; Lu et al., 2020). According to Xie et al. (2007),
who revisited previous guidelines byWells (1934)with improved evap-
oration and settlingmodels, droplets larger than about 100 μm in diam-
eter rapidly settle out of the air by gravity, with the infective range being
within a short distance of the source. In contrast, the airborne droplet
route involves droplets smaller than about 100 μm in diameter that, as
soon they are exhaled, decrease their diameter by evaporation and
can be inhaled by the receiving host as interconnected multiphase
flow processes (Balachandar et al., 2020). In fact, the surrounding ambi-
ent air enables the exhaled droplets to evaporate and rapidly shrink to
droplet nuclei, reaching a final size that is governed by the initial
amount of non-volatiles. As an example, by considering the average
peak value of exhaled air velocity for breathing and speaking and the
evaporation time, a droplet with a 50 μm diameter would shrink to a
droplet nucleus before it reached a nearby person (Zhang et al., 2020a).

Recently Chen et al. (2020), using a simple mathematical model of
exhaled flows and both droplet deposition and inhalation phenomena,
found the airborne droplet route to dominate in the social distancing
range of 1–2 m during both speaking and coughing. The large droplet
route (> 100 μm) only dominates when the distance is lower than 0.2
m while talking or 0.5 m while coughing, whereas when the subjects
are more than 0.3 m apart, the large droplet route can be neglected
even while coughing.

Although the work of Chen et al. (2020) represents a novel analysis
in the investigation of infection transmission in close proximity, it has
limitations mainly associated with the simplicity of the proposed ana-
lytical model, i.e. adopting steady state conditions, not considering the
fluid dynamics connected to the breathing of the subjects, and using
corrective coefficients to simulate the inhalation process. In this regard,
thermo-fluid dynamic modeling represents a more advanced approach
to solve complex flow behaviors (i.e. three-dimensional, transient) typ-
ical of respiratory activities, and of the related droplet emission and in-
halation, which are not possible with ordinary calculus. However, to
date, most of the thermo-fluid dynamic analyses performed on this
very complex subject are limited to non-pathogen carrying droplet
emission and/or simulate simplified conditions (e.g. constant emission,
steady-state analyses) (Ai et al., 2019; Ai and Melikov, 2018).

A further limitation of the analysis proposed by Chen et al. (2020) is
that it estimates the fluid dynamics of droplets but does not investigate
the issues related to host-to-host viral airborne transmission, which is
fundamental in an infectious risk assessment. To this end, the authors
recently presented an approach to evaluate the viral load emitted by in-
fected individuals (Buonanno et al., 2020b) that takes into account the
effect of other parameters such as inhalation rate, type of respiratory
activity, and activity level. Such an approach has been applied to pro-
spective and retrospective cases (Buonanno et al., 2020a), and then
extended to viruses other than SARS-CoV-2 (Mikszewski et al., 2021),
adopting a simplified zero-dimensional model and allowing the risk of
infection due to airborne droplets to be estimated in different indoor
scenarios involvingpeople sharing roomair andmaintainingdistancing.
2

Nonetheless, the well-mixed hypothesis of such an approach cannot be
applied when it comes to evaluating the risk of infection in close prox-
imity scenarios.

On the basis of the abovementioned approach allowing evaluation of
the viral load emitted, in this paper the authors present an integrated
approach aimed at assessing the close proximity risk of infection from
SARS-CoV-2. For this purpose, a numerical approach has been devel-
oped to estimate the volume of the droplets and the corresponding
viral load received by a susceptible subject (through inhalation and de-
position) at different distances in close proximity scenarios (distance
less than 2 m). Particle image velocimetry (PIV) measurements were
conducted to characterize the airflowexhaledduring humanexpiratory
activities to validate the modeling results. Therefore, on the basis of the
integrated approach between thermo-fluid dynamic modeling of ex-
haled droplets and viral load, an infectious risk assessment is presented
for a close proximity scenario represented by a speaking infected sub-
ject (emitter) and a susceptible subject (receiver) in the case of a face-
to-face orientation and stagnant air conditions.

2. Materials and methods

The proposed SARS-CoV-2 infectious risk assessment is character-
ized by an integrated approach, based on the following main steps:
(i) development of a three-dimensional Eulerian-Lagrangian numerical
model to describe droplet spread once emitted by a speaking person in
transient conditions; this is based on an Eulerian-Lagrangian approach,
in which the continuum equations are solved for the air flow and New-
ton's equation of motion is solved for each droplet (Sections 2.1, 2.2);
(ii) PIV measurements to define the boundary conditions and to vali-
date the numerical model (Section 2.3); iii) definition of a droplet emis-
sion model including droplet diameters from 0.5 μm to 800 μm emitted
by an adult while speaking (Section 2.4); and iv) infectious SARS-CoV-2
risk assessment in a close proximity scenario by considering the contri-
butions of the large droplet and airborne droplet routes as well as the
distance between the speaking infected subject and a susceptible sub-
ject (Section 2.5). The assessment has been performed in stagnant air
conditions, which clearly represents the worst scenario in terms of
virus spread as it could occur also in outdoor environments with negli-
gible wind speed.

2.1. Eulerian-Lagrangian based model to simulate the droplet dynamics at
as function of the interpersonal distance

The Computational Fluid Dynamics (CFD) technique has been
adopted for numerical description of velocity, pressure, and tempera-
ture fields, along with the motion and interaction of the droplets with
the fluid. The fully open sourcefinite volume based openFOAMsoftware
has been employed. This choicewas dictated by the need to have a fully
open and flexible tool with complete control over the solved partial dif-
ferential equations (PDEs), boundary conditions, and correlations
employed for SARS-CoV-2 risk assessment. The substantial complexity
of the adopted approach has paid off by allowing detailed description
in space and time of thermo-fluid dynamic fields and associated droplet
motion. Additionally, the use of the openFoam software offered the abil-
ity to directly access the source code, somodifying available mathemat-
ical models, boundary conditions, and thermophysical models is
possible, as well as implementing new ones if necessary.

From amathematical point of view, the dropletmotion inside the air
flow has been modeled by employing the Lagrangian particle tracking
(LPT) approach, based on a dispersed dilute two-phase flow. In particu-
lar, the spacing between droplets in the exhaled air plume is sufficiently
large and the volume fraction of the droplets sufficiently low (<10−3) to
justify the use of a Eulerian-Lagrangian approach, in which the contin-
uum equations are solved for the air flow (continuous phase) and New-
ton's equation of motion is solved for each droplet. The continuum
equations solved for an unsteady incompressible Newtonian fluid are



Fig. 1. Computational domain in which the emitter (on the left), the receiver (on the
right), and the external surfaces have been highlighted.

Table 1
Boundary conditions (BC) adopted for the external surfaces of the computational domain
and for the subjects.

Surface BC for velocity BC for pressure BC for temperature

ABEF u = 0 ∂p
∂n ¼ 0 ∂T

∂n ¼ 0

CDGH u = 0 ∂p
∂n ¼ 0 ∂T

∂n ¼ 0

BDFH u = 0 ∂p
∂n ¼ 0 ∂T

∂n ¼ 0

ACEG u = 0 ∂p
∂n ¼ 0 ∂T

∂n ¼ 0

ABCD ∂u
∂n ¼ 0 p = 101325 Pa T = 293.15 K

Emitter mouth See Fig. 2 ∂p
∂n ¼ 0 T = 308.15 K

Receiver mouth u = A ∙ sin (2πft) ∂p
∂n ¼ 0 T = 308.15 K
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widely described in the available scientific literature (Arpino et al.,
2014; Massarotti et al., 2006; Scungio et al., 2013) and are not reported
here for brevity. Since the flow regime associated to breathing activity is
laminar, no turbulence has been considered in the numerical investiga-
tions. The droplet motion has been described using a solving approach
based on the following LPT equation:

md
dud

dt
¼ FD þ Fg ð1Þ

and

dxd
dt

¼ ud ð2Þ

where md (kg) is the mass of the droplet; ud
m
s

� �
represents the droplet

velocity; t (s) is the time; FD (N) and Fg(N) are, respectively, the drag
and gravity forces acting on the droplet; and xd (m) represents the tra-
jectory of the droplet. The drag force is given by Crowe (2011):

FD ¼ md
18

ρd∙d
2
d

CD
Red u−udð Þ

24
ð3Þ

In Eq. (3), ρd
kg
m3

� �
, dd(m) and Red represent, respectively, the density,

diameter and Reynolds number of the droplet. The droplet density has
been considered constant and equal to 1200 kg m−3 as representative
of the density of non-volatile components carried by respiratory drop-
lets (McCombs and Rawls, 1968; Pattison et al., 1975; Ritchie et al.,
1973). The Red is calculated as:

Red ¼ ρ u−udj jð Þdd
μ

ð4Þ

where ρ kg
m3

� �
is the air density, whereas the drag coefficient, CD, in

Eq. (3) is evaluated as a function of the droplet Reynolds number:

CD ¼

24
Red

if Red < 1

24
Red

1þ 0:15 � Re0:687d

� �
if 1≤Red≤1000

0:44 if Red > 1000

8>>>><
>>>>:

ð5Þ

Droplet collisions are considered to be elastic, and the equations of
motion for the droplets are solved assuming a two-way coupling: the
flow field affects the droplet motion and vice-versa. Finally, numerical
simulations were performed adopting the following thermophysical
properties of air: air heat capacity of 1004.5 J/(kg K), air dynamic viscos-
ity of 1.8 × 10−5 Pa s, and Prandtl number of 0.71.

2.2. Scenario analyzed: close proximity during speaking

The Eulerian-Lagrangian based model described in Section 2.1 has
been applied to the analysis of droplet dispersion in close proximity
during speaking. In particular, face-to-face interactions between two
subjects (infected emitter and susceptible receiver) of the same height,
located at different distances in the range 0.25–1.75 m, were studied.
The susceptible subject was considered to be a mouth-breather, thus
airborne droplets were inhaled through the mouth. Moreover, because
oral, nasal (Gallo et al., 2021), and ocular mucosa (Lu et al., 2020)
have been recognized as possible transmission routes for respiratory vi-
ruses, large droplet deposition onto mouth, ocular and nostril surfaces
due to their inertial trajectories was estimated through the Eulerian-
Lagrangian numerical model.

In Fig. 1, the computational domain including the external surfaces,
the emitter, and the receiver is illustrated. The cad file for emitter and
receiver was obtained as an opensource file by the website “gradcad.
com”. The mathematical model described in Section 2.1 was
3

numerically solved using the open source openFOAM software, based
on the finite volume technique, under the boundary conditions pre-
sented in Table 1.

In Fig. 2, the schematization of the surfaces of interest of the two sub-
jects is presented: the emitter and receiver mouths were modeled as
circular surfaces with a diameter of 2 cm, the nostrils were modeled
as circular surfaces with a diameter of 1.13 cm, and the eyes were
modeled as ellipses with axes of 2.76 and 1.38 cm, respectively (Chao
et al., 2009; Chen et al., 2020).

In Fig. 2, the boundary condition in terms of air velocity at the
mouths of the emitter and receiver is also graphed; in particular, a sinu-
soidal approximation of breathing is adopted to realistically simulate a
real interaction between two subjects. The volumetric flow rates were
selected as the average values amongst those indicated by Abkarian
et al. (2020): 1 L s−1 for speaking and 0.45 L s−1 for mouth breathing.
In particular, the transient sinusoidal velocity profile applied at the
receiver mouth presents an amplitude of 1 m s−1 and a frequency of

http://gradcad.com
http://gradcad.com
Image of Fig. 1


Fig. 2. Schematization of the surfaces of interest for emitter and receiver (eyes, nostrils, and mouth) and the transient velocity profile adopted as a boundary condition at the emitter and
receiver mouths.

Fig. 3. Computational grid employed (Mesh 2, 1,801,060 elements) to simulate droplet
spread in the case of an interpersonal distance of 0.76 m.
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0.2 s−1, assuming a time period of 5 s for a full breath. The amplitude
valuewas selected on the basis of the PIVmeasurement results reported
in Section 3.1. Velocity peaks of 5 m s−1 mounted on the sinusoidal ve-
locity profile were considered for the emitter during speaking, as con-
firmed by Abkarian et al. (2020) and by the PIV experimental analysis
for speaking (see PIV results in Section 3.1). As concerns the velocity
vector direction from the emitter'smouth, a conical jet flowwas consid-
ered, adopting a cone angle equal to 22° with random velocity direc-
tions in intervals of 0.1 s. This adopted angle was calculated by
Abkarian et al. (2020) to enclose 90% of the particles in a cone passing
through the mouth exit, and was verified to remain stable with time
after the initial cycles. Finally, as concern the boundary conditions of
the droplets, the Lagrangian particle trackingwas solved applying an es-
cape boundary condition over all the surfaces of the computational do-
main including the emitter and the receiver subjects (see Fig. 1). In
other words, the droplets touching the external surfaces (of the domain
and of the subjects) disappear and cannot re-enter the computational
domain, thus avoiding accumulation of viral load in the environment.

Careful attention was paid to the computational mesh construction:
simulations were performed employing hexahedral-based unstruc-
tured computational grids, and realized employing the open source
snappyHexMesh algorithm, chosen on the basis of a propermesh sensi-
tivity analysis. In particular, three meshes were selected: Mesh 1 com-
posed of 687,380 elements, Mesh 2 composed of 1,801,060 elements,
andMesh 3 composed of 3,023,827 elements. The average percent devi-
ation amongst the velocity fields obtained comparingMesh 1 andMesh
2 was equal to 6.56%, while comparing Mesh 2 and Mesh 3 resulted in
an average percent deviation equal to 1.93%. Because the percent devi-
ation amongst the velocity fields obtained between Mesh 2 and Mesh
3 was low (lower than 5%), the simulations were carried out adopting
Mesh 2. As an example, Fig. 3 shows the computational grid employed
(Mesh 2) to simulate droplet spread in the case of an interpersonal dis-
tance of 0.76 m. The grid is refined in correspondence of the solid sur-
faces, where a boundary layer region is added to better capture the
viscous region gradients, and presents a maximum non-orthogonality
value of about 50.

2.3. Particle image velocimetry experimental investigations

PIV measurements, aimed at validating the fluid-dynamic simula-
tion results, were performed at TU Delft's laboratories to study the air
flow exhaled during human expiratory activities. The experimental
setup (Fig. 4) consists of an sCMOS camera from LaVision (2560 ×
2160 px) coupled with a Nikon objective lens (35 mm focal length),
an Nd:YAG Quantel laser (Evergreen, 200 mJ per pulse) and a smoke
generator. The laser sheet (2–3 mm thickness) was formed from
below themouth, and passed through the subject's mid-plane, whereas
the sCMOS camera was positioned approximately at the subject's
mouth height, at a distance of 80 cm from the laser sheet, with the
4

objective's axis perpendicular to it. The image magnification was 0.05,
rendering a field of view of 30 cm (height) × 36 cm (width), while the
resolution was 0.14 mm px−1. Images were acquired in frame-
straddling mode (double frame, single exposure) at 10 Hz, with a time
interval of 500 μs between frames.

The subject (male, 32 years old, 1.84m, 80 kg)was protected against
the laser light by safety goggles and a black screen positioned in front of
him (not shown), with a 5 cm diameter opening for themouth-exhaled
air. A 3 cm long cylinder of the samediameterwas placed at the opening
to help position the head and to block the laser light from below. The
head was positioned with the subject's nose slightly touching the

Image of Fig. 2
Image of Fig. 3


Fig. 4. Particle image velocimetry experimental setup.
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upper surface of the cylinder; therefore, inhalation and exhalation
through the nose did not influence the measured flow velocities. The
entire setup, including the subject, was encompassed by a black tent
(about 15m3), whosemain objective was to contain the smoke. The en-
tire tent was filled with smoke by turning the smoke generator on for
about 2 s with the tent closed, and waiting for about 10 min for the
smoke to become homogeneously spread and the flow disturbances
due to the smoke generator to become negligible.

Three different respiratory activities were investigated: inhaling
through the nose and exhaling from the mouth, inhaling through and
exhaling from the mouth, and speaking. Each activity was recorded for
a duration of 50 s (500 images), which comprised about five respiratory
cycles. The speaking activity consisted of reciting an excerpt from the
rainbow passage (Fairbanks, 1941), a speech often used for the study
of voice and articulation and representative of the multiple sounds of
the English language: “When the sunlight strikes raindrops in the air,
they act as a prism and form a rainbow. The rainbow is a division of
white light into many beautiful colours. These take the shape of a long
round arch, with its path high above, and its two ends apparently beyond
the horizon. There is, according to legend, a boiling pot of gold at one end.
People look, but no one ever finds it. When a man looks for something be-
yond his reach, his friends say he is looking for the pot of gold at the end
of the rainbow.”

The images were processed via cross-correlation analysis, using the
software DaVis 8.4 from LaVision. The final interrogation window was
48 × 48 px (7 × 7 mm2) with 75% overlap, yielding about 160 × 200
vectors per image. Typical uncertainty of a PIV displacement measure-
ment is 0.1 px (Raffel et al., 2018); because the velocity magnitude
close to the mouth varied in the range of 1–5 m s−1 (3–18 px), the
uncertainty of the instantaneous velocity is estimated to be within
0.5%–3%.

2.4. Droplet emission

The number of droplets exhaled by the infected subject as a function
of the diameter per unit time, i.e. the droplet number emission rate
(ERN, droplet s−1), was estimated starting from the number distribution
of the droplets emitted by an adult person provided by Johnson et al.
(2011) and Morawska et al. (2009). They measured the droplet distri-
bution from 0.5 μm to about 1000 μm in close proximity of an adult per-
son's mouth while speaking, in order to consider negligible the droplet
evaporation phenomenon. Suchmeasurementwas extremely challeng-
ing; indeed, the experimental analysiswas performed in a purpose-built
wind tunnel (named the expired droplet investigation system, EDIS)
applying two separate measurement techniques to cover the entire
5

size range: an aerodynamic particle sizer (up to 20 μm) and a droplet
deposition analysis (20–1000 μm). For the sake of brevity, the experi-
mental analyses performed in that study are not exhaustively described
here: interested readers can refer to the original papers for further
details.

To make the simulations affordable, the droplet distributions
(Johnson et al., 2011; Morawska et al., 2009) were fitted through a sim-
plified distribution. In particular, from thenumber distribution provided
by Johnson et al. (2011) and Morawska et al. (2009), the volume distri-
butionwas calculated considering spherical droplets, then both number
and volume distributions were fitted through simplified distributions
made up of seven diameters (i.e. seven size ranges). Because the evapo-
ration phenomenon occurs quickly as soon as the droplets are emitted
(Balachandar et al., 2020; Xie et al., 2007), in the present paper the
post-evaporation number and volume distributions were considered
in the simulation. To this end, the volume droplet distribution before
evaporation (i.e. as emitted) was reduced to that resulting from the
quick evaporation, which is the volume fraction of non-volatiles in the
initial droplet, here considered equal to 1% (Balachandar et al., 2020).
Therefore, the droplet shrinkage due to evaporation reduces the droplet
diameter to about 20% of the initial emitted size. Additionally, the
shrinking effect is not homogeneous for the entire size range. In partic-
ular, as reported in the scientific literature (Balachandar et al., 2020; Xie
et al., 2007), the evaporation is slow for very small droplets (<1 μm)and
quite negligible for large droplets. Therefore, we (i) grouped all the
droplets <1 μmafter the evaporation (i.e. droplets <4.6 μmat emission)
in a single size interval labelled as 1 μm droplet diameter; (ii) consid-
ered the droplet nuclei resulting from the evaporation process for drop-
lets with an initial diameter of 4.6–90 μm (reduced to droplets with a
diameter of 1–19.2 μm after evaporation); and (iii) neglected the evap-
oration for droplets >90 μm at emission. The resulting number and vol-
ume distributions are summarized in Table 2 and in Fig. 5. In Table 2 the
resulting droplet number (ERN) and volume (ERV, pre-evaporation)
emission rates are also reported, calculated by multiplying the number
(or volume) concentration at each size by the expiration flow rate of a
speaking subject while standing (1.0 L s−1, average value measured
for an adult by Abkarian et al., 2020). The total droplet number and vol-
ume concentrations are reported in Table 2: the total droplet number
concentration (0.25droplet cm−3) is the samebefore and after evapora-
tion,whereas a small variationwas recognizable for the volume concen-
tration (6.27 × 10−5 and 6.19 × 10−5 μL cm−3 before and after
evaporation, respectively) due to shrinkage of droplets initially <90
μm. In terms of the number concentration (or emission rate), the contri-
bution of the airborne droplets is 98%, whereas it is only 1% and 0.01% in
terms of volume concentration (or emission rate) before and after evap-
oration, respectively, thus confirming that a reduced number of large
droplets mostly contributes to the total volume emitted.

2.5. Estimation of the dose received by the susceptible subject and infectious
risk assessment

The viral load carried by the droplets exhaled by the infected subject
was evaluated as the product of the droplet volume (discussed in the
previous section) and the corresponding viral load. The viral load of an
infected subject, cv, can vary significantly (several orders of magnitude)
(Buonanno et al., 2020a, 2020b; Mikszewski et al., 2021); thus, to
achieve a proper infection risk assessment of an exposed subject, all
the possible viral load data should be considered. In other words,
when calculating the dose of RNA copies received by the susceptible
subject (through inhalation or deposition), the probability distribution
function of cv values should be considered, which is the probability of
occurrence of each cv value. Data of the viral load in sputum so far avail-
able in the scientific literature (Fajnzylber et al., 2020; Pan et al., 2020;
Wölfel et al., 2020) can befitted through a log-normal distribution char-
acterized by average and standard deviation cv values of log10 5.6 and
log10 1.2 RNA copies mL−1 (Mikszewski et al., 2021), i.e. 1st, 50th, and

Image of Fig. 4


Table 2
Droplet number and volumedistributions pre- and post-evaporation (fitted by seven size ranges) adopted in the simulations. Droplet diameters and corresponding ranges before and after
evaporation are also reported, as well as droplet number and volume emission rates. Airborne and large droplets were separately identified.

Type of droplets Pre-evaporation Post-evaporation

Droplet diameter,
dd (μm)

dN/dlog(dd)
(droplet cm−3)

dV/dlog(dd)
(μL cm−3)

ERN

(droplet s−1)
ERV

(μL s−1)
Droplet diameter,
dd (μm)

dN/dlog(dd)
(droplet cm−3)

dV/dlog(dd)
(μL cm−3)

Airborne droplets 4.6 μm
(<0.5 to 4.6 μm)

0.266 1.39 × 10−10 217.6 1.14 × 10−7 1 μm
(< 1 μm)

0.266 1.39 × 10−8

9.0 μm
(4.6 to 17.7 μm)

0.035 1.33 × 10−10 20.3 7.80 × 10−8 1.9 μm
(1.0 to 3.8 μm)

0.035 1.33 × 10−8

23.2 μm
(17.7 to 30.4 μm)

0.013 8.74 × 10−10 3.1 2.05 × 10−7 5 μm
(3.8 to 6.6 μm)

0.013 8.74 × 10−8

45.5 μm
(30.4 to 68.2 μm)

0.016 8.08 × 10−9 5.7 2.83 × 10−6 9.8 μm
(6.6 to 14.7 μm)

0.016 8.08 × 10−7

78 μm
(68 to 90 μm)

0.015 3.83 × 10−8 1.8 4.48 × 10−6 16.8 μm
(14.7 to 19.2 μm)

0.015 3.83 × 10−6

Large droplets 100 μm
(90 to 120 μm)

0.014 7.09 × 10−6 1.6 8.29 × 10−4 100 μm
(90 to 120 μm)

0.014 7.09 × 10−6

300 μm
(120 to 800 μm)

0.005 6.53 × 10−5 4.3 6.11 × 10−2 300 μm
(120 to 800 μm)

0.005 6.53 × 10−5

Total 0.254 6.27 × 10−5 254.5 6.19 × 10−2 0.254 6.19 × 10−5
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99th percentiles equal to 6.4 × 102, 4.0 × 105, and 2.5 × 108 RNA copies
mL−1, respectively.

The large and airborne droplet doses of RNA copies (Dlarge and
Dairborne) received by the susceptible subject for each cv value were cal-
culated as:

Dlarge cvð Þ ¼
ZT

0

Vd−large tð Þ � cv
� �

dt

Dairborne cvð Þ ¼
ZT

0

Vd−airborne−pre tð Þ � cv
� �

dt ð6Þ

where Vd-large(t) and Vd-airborne-pre(t) are the doses of airborne droplets
inhaled and large droplets deposited as a function of the exposure time
(t), and T is the total exposure time. The authors point out that the viral
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load carried by the droplet is related to the initial droplet volume (i.e. be-
fore evaporation), and evaporation leads to a reduction in the droplet vol-
ume, whereas the RNA copies do not evaporate; thus, the Vd-airborne-pre
term refers to the dose of airborne droplets calculated with the initial
(pre-evaporation) volume. Therefore, assuming an instantaneous evapo-
ration turns out to be a conservative assumption since smaller droplets
can reach longer distances carrying the same amount of RNA copies.
The Vd-airborne-pre term has been adopted to distinguish it from the actual
doses of airbornedroplets inhaled (Vd-airborne-post), i.e. dropletswith the ac-
tual volume at the time of inhalation (i.e. post-evaporation). The total
dose of RNA copies received by the exposed subject for each cv value
was then evaluated by summing up the deposition and inhalation contri-
butions, i.e. Dtotal(cv) = Dlarge(cv) + Dairborne(cv).

Nonetheless, when assessing the doses of RNA copies received by
the exposed subject, two further aspects need to be considered: i) the
different pathogen concentrations as a function of the droplet diameter,
ii) the different effectiveness of the two transmission routes in causing
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infection. As regards the first aspect, a review study (Fennelly, 2020)
showed that the viral load is not equally concentrated for all the droplet
sizes: pathogens predominate in airborne droplets with values depend-
ing on the type of virus and expiratory activity, reaching contributions
>90%. As concerns the effectiveness of the transmission routes, Bixler
et al. (2021) recently recognized that a roughly 100-fold higher dose
of SARS-CoV-2 should be instilled (i.e. deposited) in macaques' mucosa
to obtain the same physiological response related to the inhalation
route. An even larger difference amongst inhalation and deposition
routes was also previously measured in humans in case of flu (Little
et al., 1979). Combining these two effects, the equivalent dose of RNA
copies related to the large droplet deposition process results at least
onehundredth of the airborne droplet inhaled. In the paper, since no ex-
perimental data are already available for SARS-CoV-2 virus concentra-
tion as a function of the droplet size and for pathological response to
SARS-CoV-2 virus instilled in humans'mucosa, we have adopted a para-
metric analysis considering a dose of RNA copies related to the deposi-
tion of large droplets of one hundredth, one thousandth, and
negligible (i.e. no large droplet contribution) with respect to inhalation
of airborne droplets.

From the dose of RNA copies, the probability of infection (PI) of the
exposed subject for each cv was calculated adopting a well-known ex-
ponential dose–response model (Haas, 1983; Sze To and Chao, 2010;
Watanabe et al., 2010):

PI cvð Þ ¼ 1−e−
Dtotal cvð Þ
HID63 %ð Þ ð7Þ

where HID63 represents the human infectious dose for 63% of suscepti-
ble subjects, i.e. the number of RNA copies needed to initiate the infec-
tion with a probability of 63%. For SARS-CoV-2, a HID63 value of 7 ×
102 RNA copies was adopted based on the thermodynamic-
equilibrium dose–response model developed by Gale (2020).

The individual risk of infection (R) of the exposed person was
then calculated by integrating, for all the possible cv values, the
product between the conditional probability of the infection for
each cv (PI(cv)) and the probability of occurrence of each cv value
(Pcv):

R ¼
Z

cv
PI cvð Þ � Pcvð Þdcv %ð Þ ð8Þ

The authors point out that in the present analysis an equal amount of
RNA copies received by inhalation of airborne droplets or by deposition
of large droplets was considered to cause the same effect in terms of
infection.
experimental
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3. Results and discussion

3.1. Particle image velocimetry measurements and numerical results

As mentioned in the methodology section, PIV measurement results
for a mouth breathing case study provided the required information to
choose the velocity boundary conditions employed in the computational
fluid dynamics (CFD) numerical simulations summarized in Section 2.2.

In particular, the adopted boundary condition for the mouth-
breathing receiver was verified by comparing numerical results with
PIV data in terms of velocity profiles obtained at different distances
from the mouth of the emitter. This comparison also provided a rough
confirmation of the numerical velocity field. To this end, experimental
(PIV) and numerical (CFD) velocity contours obtained in the sagittal
plane, by synchronizing the instant of time for breathing at which the
maximum velocity values are reached, are presented in Fig. 6, whereas
PIV and CFD vertical velocity profiles in sagittal plane at a distance from
the emitter mouth equal to 0.10 m and 0.32 m are compared in Fig. 7.
The peak numerical and experimental peak velocities differ by 6% and
7% at interpersonal distances of 0.10m and 0.32m, respectively, thus val-
idating the numerical solutions obtained through the CFD analyses.

The emitter velocity peaks of 5 m s−1 adopted in the simulations
were confirmed by the experimental analysis related to the speaking
expiratory activity. Amongst the 500 recorded images obtained in the
50 s of the experiment (see Section 2.3), the time instant giving the
maximum u-velocity and v-velocity valueswere selected and illustrated
for a cross-section plane at the height of the mouth: u-velocity peaks of
5 m s−1 are clearly recognizable in Fig. 8a.

3.2. Droplet dose received by the susceptible subject

As an illustrative example of the droplet trajectories and flow fields
obtained from the simulations, Fig. 9 shows the velocity contours and
droplet positions for a 5-s breathing period (at computational times of
5, 5.5, 6.5, 7.5, 8.5, and 10 s) in the case of an interpersonal distance of
0.76 m between the injector and receiver mouths. For this distance,
large droplets fall to the ground without reaching the susceptible sur-
faces of the receiver, while the airborne droplets are partly inhaled by
the receiver. Indeed, airborne droplets are transported by the air veloc-
ity field, reach the receiver, and then are spreadwhile rising in a vertical
direction due to the effect of buoyancy forces. In fact, from the analysis
of the three dimensional transient air velocity field shown in Fig. 9, it
can be observed that when the air velocity from the emitter is low
(Fig. 9a, d, e, f), the effect of buoyancy is evident, while forced convec-
tion dominateswhen the air velocity from the emitter is high (Fig. 9b, c).

Fig. 10 shows airborne and large droplet doses (i.e. Vd-airborne-pre,
Vd-airborne-post, and Vd-large, μL) as a function of distance for an expo-
sure time of 1 min. Data were obtained by performing numerical
numerical

80 120 160 200 240 280
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simulations of 15min and averaging the obtained volumes over an obser-
vation time equal to 1 min. The trends show that the large droplet dose
dominates up to a distance of <0.6 m but, beyond this distance, a step-
decrease is observed because the large droplets cannot reach the deposi-
tion surfaces of the susceptible subject due to their inertial trajectories. As
mentioned above, Chen et al. (2020) in their simplified mathematical
model, recognized a dominant contribution of the large droplets while
talking just up to 0.2m; such a difference could be partly due to the differ-
ent size distribution of exhaled droplets adopted (they used the one pro-
vided byDuguid (1946)), butmore likely, to the different velocity profiles
applied at the emitter mouth (e.g. once again we have adopted a sinusoi-
dal profile with peaks at 5 m s−1, whereas Chen et al. (2020) adopted a
constant velocity of 3.9 m s−1) and to the ability of the CFD methods
to capture more in details the dynamic of the droplets with respect to
simplified mathematical models. Fig. 10 also shows the dose of non-
evaporated airborne droplets (Vd-airborne-pre): this information is useful
because infectivity (and therefore the risk) is directly related to this
metric. For distances >0.6 m, only the airborne droplet contribution to
the total dose received by the infected subject is observed. While the
trajectory of large droplets is mostly affected by their inertia, and the
a) b
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Fig. 8. Instantaneous u-velocity (a) and v-velocity (b) contours for a cross-section plane at the
from the rainbow passage. Scales bars are reported in mm.
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related effect is negligible for distances >0.6 m, the spread of airborne
droplets is affected by the spread angle of the exhaled flow. In
particular, we recognized that at short interpersonal distances (roughly
<0.76 m) from the emission point, where the exhaled air flow angle is
still narrow, the dose of airborne droplets decays following the 1/L
rule (with L representing the interpersonal distance),whereas for inter-
personal distances in the range of 0.76–1.75 m, where the exhaled air
flow angle becomes wider, the dose of airborne droplets decays follow-
ing the 1/L2 rule as recognized for passive tracer-gas decay and reported
by Li (2021b). The authors point out that the higher contribution of the
large droplets to the dose received by susceptible personsmust notmis-
lead the reader regarding the risk of infection; indeed, as described in
details in the Section 2.5, the risk of infection is also strongly affected
by the different pathogen concentrations as a function of the droplet di-
ameter, and the different effectiveness of the two transmission routes in
causing infection. These two effects, as reported in the Section 3.3,
strongly mitigate the higher contribution to the dose of the large
droplets: in fact, as hereinafter explained, the contribution of airborne
droplets to the risk received by the susceptible subject is dominant
even for distance <0.6 m.
)
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Fig. 9. Numerical velocity contours during a single breath at a distance of 0.76 m between people: six selected computational times (5, 5.5, 6.5, 7.5, 8.5, and 10 s) are shown.
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3.3. Risk assessment as a function of the interpersonal distance

Fig. 11 shows the infection risk (R) as a function of the interpersonal
distance between the speaking infected subject and the susceptible sub-
ject for different exposure times (10 s, 1min, 15min). The contributions
of both deposited large droplets and inhaled airborne droplets are
shown; in particular, the risk contribution of the dose of RNA copies re-
lated to the deposition of large droplets is shown considering such de-
posited dose equal to one hundredth, one thousandth, and negligible
(i.e. no large droplet contribution) with respect to dose of RNA copies
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Fig. 10. 1-min large (Vd-large) and airborne droplet doses (Vd-airborne-pre and Vd-airborne-post)
received by the susceptible subject (by deposition and inhalation, respectively) as a
function of the distance between the two subjects.
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due to the inhalation of airborne droplets (as reported in the
Section 2.5).

For distances less than 0.6mbetween infected and exposed subjects,
i.e. where the large droplets dominate the total droplet dose received by
the susceptible subject (Fig. 10), the infection risk is extremely high for
15-min exposures as it ranges from>90% at few centimeters to>10% at
0.6 m. In particular, the risk is also affected by the equivalent dose of
RNA copies due to the large droplet deposition: as an example, for 15-
min exposure, at a distance of 30 cm the risk ranges from 30% (in case
of negligible contribution of the dose of RNA copies related to the depo-
sition of large droplets) to about 50% (in case of a contribution of the
dose of RNA copies related to the deposition of large droplets equal to
one hundredth of the airborne droplets). Thus, the airborne droplets
represent the dominant contribution to the infection risk received also
for distanceswell lower than 0.6m. This is a key finding of the paper, in-
deed, it clearly highlights that performing infectious risk assessments
just based on the fluid dynamics of droplets could be extremely mis-
leading as they predict an erroneous dominant contribution of the
large droplets for distances <0.6 m; on the contrary, the proposed inte-
grated approach able to take into account for the viral load carried by
the droplets, the droplet evaporation, the different pathogen concentra-
tions as a function of the droplet diameter, and the different effective-
ness of the transmission routes, clearly demonstrates the dominant
role, in terms of risk of infection, of the airborne droplets also at short
distances.

For shorter exposures, the risk at a distance of <0.6m is still not neg-
ligible as it ranges from 1% to 30% in case of 1-min exposure and from
about 0.1% to 7% for 10-s exposures, respectively; once again the main
contribution to such risk is due to the inhalation of airborne droplets.
Beyond 0.6 m, where there is only the contribution of airborne droplets
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Image of Fig. 10
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(inhaled dose), the risk of infection can be reduced by several orders of
magnitude as a function of the exposure duration and interpersonal dis-
tance as well. As an example, Fig. 11 shows that the distance to be
adopted to achieve a risk lower than 0.1% in the case of an exposure
time of 15 min is around 1.5 m (reducing to 1.1 m for an exposure
time of 1 min and 0.75 m for a 10-s exposure), thus confirming the ef-
fectiveness of the six feet rule suggested by the US Centers for Disease
and Control Prevention (CDC) but also highlighting the limited effec-
tiveness of the 1-m physical distance adopted in most of the countries
worldwide and suggested by the WHO. Once again, we point out that
the estimated infection risk value is related to an outdoor environment
with stagnant air or to an indoor environment without the contribution
due to the accumulation of viral load in the environment itself. None-
theless, when people share indoor air maintaining distancing because
of airborne droplets, an infection risk can still be present. For example,
in Fig. 11 the infection risk is estimated when sharing room air and
maintaining distancing on the basis of the zero-dimensional well-
mixed approach reported in Buonanno et al. (2020a, 2020b) and
Mikszewski et al. (2021) in small (60 m3, e.g. offices, classrooms) and
large volumes (400m3, e.g. restaurants, conference rooms). The simula-
tions were performed for an exposure time of 15 min for typical venti-
lation rates (0.2–3.0 h−1) occurring in indoor environments
(Frattolillo et al., 2021; Stabile et al., 2019). The 15-min close proximity
(spatially-dependent) infection risk merges into the constant (not spa-
tially dependent) sharing room air infection risks at interpersonal dis-
tances of about 1.4–1.6 m (depending on the volume and the
ventilation rate) as also indicated in Li (2021b); this distance is repre-
sentative of the boundary of simplified well-mixed model applicability.
Thus, for the investigated scenario, infection risk assessments through
complex three-dimensional and transient CFD models are essential for
10
interpersonal short distances (<1.4–1.6 m), whereas simplified zero-
dimensional well-mixed models can be applied for longer distances.

When applying these findings, an obvious question arises regarding
the typical exposure duration and distance data. To address this issue,
Zhang et al. (2020b) monitored and analyzed indoor human behavior
in a graduate student office using automatic devices. They measured a
median duration of close proximity of 15 s and an average interpersonal
distance of 0.81m during such close proximities. Adopting suchmedian
exposure durations, the corresponding infection risk is negligible (i.e.
less than 0.1%, adopted as the threshold value by Buonanno et al.
(2020a)), reaching 0.5% for exposure times of 1 min. Only with long ex-
posure times (15 min) the risk would become significantly higher than
1%. Therefore, even though Zhang et al. (2020b) verified that 9.7% of
employees' time in offices was in close proximity (with 4.0 close con-
tacts h−1), an interpersonal distance of 0.81 cm is sufficient to have a
limited risk for the measured exposure times (<1 min) in the analyzed
common occupational scenario. Apart from workplace scenarios, the
interpersonal distance is an essential feature of individuals' social
behavior more broadly in relation to their physical environment and
social interactions (Hall, 1966). On the basis of the classical proxemic
theory (Hall, 1966), interpersonal distances are classified as (i) public
distance (>2 m), (ii) social distance, during more formal interactions,
(iii) personal distance, during interactionswith friends, and (iv) intimate
distance, maintained in close relationships, with Southern European,
Latin American, and Arabian countries being the so-called “contact
cultures”, and North America, Northern Europe, and Asian populations
being the “noncontact cultures” (Hall, 1966). Sorokowska et al. (2017)
reported significant variability in preferred interpersonal distances
across countries as a function of certain characteristics of interacting
individuals (such as gender or age), cultural differences, and

Image of Fig. 11
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environmental and sociopsychological factors. They reported world-
wide interpersonal distance distributions of 0.56 ± 0.13 m, 0.81 ±
0.12m, and 1.06± 0.14m for intimate, personal and social distance, re-
spectively, which are included in Fig. 11 for discussion. In the case of in-
timate distance, the average infection risk (i.e. the risk corresponding to
the average distance value, i.e. 0.56 m) is >1%, starting from exposure
times of 1 min, whereas for short exposures (10 s) it is about 0.2%. For
personal distances, the average infection risk is negligible for short ex-
posures (<0.1%), limited for 1-min exposures (<1%), and high for 15-
min exposures. Finally, in the case of social distances, the average infec-
tion risk becomes significant only for 15-min exposures.

The authors highlight that the approach and the results presented
here provide an important insight into potential virus transmission
over short distances that could help regulatory authorities and air qual-
ity experts in implementing and imposing proper mitigation solutions
as a function of themicroenvironment and the type of contact expected.
The paper also provides information about choosing the proper model-
ing approach for infection risk assessments. Despite the value of these
findings, the authors acknowledge the simplified hypothesis and limita-
tions of this study that should be addressed in future development of
this research. First, the results obtained through the CFD approach
were compared to the experimental data only in terms of the velocity
field and only one subject; second, the effect of turbulence should be in-
vestigated for velocity peaks associated to speaking activity; third, the
study was limited to mouth-breather subjects; fourth, transmission
through surfaces (fomites)was not considered.Moreover, a further lim-
itation worthy of mention regards the validation of the absolute values
of infection risk. Such values are based on a viral load emission approach
and a dose-response model that can be validated through experiments.
Anyway, the exponential dose–response model here adopted (which is
a stochastic non-threshold dose–response model) was recognized as
one of the most biologically plausible (Sze To and Chao, 2010;
Watanabe et al., 2010); moreover, even if a proper validation is not
practically feasible, in our previous paper (Buonanno et al., 2020a) we
adopted the same viral emission approach and dose-response model
in retrospective applications and they were able to reproduce docu-
mented outbreaks in terms of attack rate.

4. Conclusions

The paper presents an integrated risk assessment for SARS-CoV-2
combining thermo-fluid dynamic modeling and infectious risk assess-
ment to investigate close proximity exposure scenarios.

The results show that the contribution of airborne droplets (<100
μm) to the risk received by the susceptible subject is dominant even
for an interpersonal distance <0.6 m, which means highly influential
on the infection risk also at intimate interpersonal distances (average
distance of 0.56 m). The contribution of the large droplets to the risk
is appreciable only for distances well below 0.6 m, whereas it drops to
zero for greater distances since the large droplets quickly settle on the
ground. In fact, in the case of personal (0.81 m) and social (1.06
m) distancing, the only contribution to the risk of infection comes
from airborne droplets. In addition to the distance, the exposure time
plays a key role in the risk of infection: indeed, the average infection
risk is not negligible even for short exposures (10 s) in the case of inti-
mate distance, whereas in the case of social distances only long expo-
sures (15 min) can lead to a not negligible risk.

A possible threshold value to be adopted as a safe distance in close
proximity is around 1.5 m, which lowers the infection risk to 0.1%
order of magnitude even with prolonged exposure times (15 min).
Such a threshold value also represents the boundary distance beyond
which simplified well-mixed approaches can be adopted instead of
complex spatially dependent three-dimensional transient CFD analyses.
Indeed, we have shown that the same infection risk values for short
(close proximity) and long distances (sharing room air while maintain-
ing distancing) can be obtained for a typical indoor environment for
11
interpersonal distances in the range of 1.4–1.6 m, thus confirming that
1.5 m can be adopted as the typical distance for close proximity.
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